Large data sets on human genetic variation have been collected recently, but their usefulness for learning about history and natural selection has been limited by biases in the ways polymorphisms were chosen. We report large subsets of SNPs from the International HapMap Project 1,2 that allow us to overcome these biases and to provide accurate measurement of a quantity of crucial importance for understanding genetic variation: the allele frequency spectrum. Our analysis shows that East Asian and northern European ancestors shared the same population bottleneck expanding out of Africa but that both also experienced more recent genetic drift, which was greater in East Asians.
According to the fossil record, anatomically modern humans first emerged in Africa B200,000 years ago (200 kya) and then dispersed through Asia, Australia and Europe starting B80-40 kya in an expansion known as the 'out-of-Africa' event. Although it is widely accepted that the non-African populations were founded by a relatively small group that experienced a founder event that we refer to as a bottleneck [3] [4] [5] [6] [7] , it is unknown how many bottlenecks there were or to what extent they were shared among populations. Patterns of genetic variation can provide information that complements the archaeological record. We focus on the frequencies of alleles of SNPs, the most common type of human variation. Demographic events affect the distribution of SNP allele frequencies 3, 4 . For example, a large proportion of rare alleles indicates recent expansion, as mutations that have occurred since expansion will not have had time to spread through the population. Understanding neutral allele frequencies is also useful for identifying regions of the genome affected by natural selection.
A problem with past SNP-based studies is that they were biased by the way polymorphisms were discovered, meaning that the SNPs did not represent the true distribution of allele frequencies. One issue is that SNPs are generally discovered in a small set of samples, so those with rare alleles tend to be missed 8, 9 . Statistical methods have been developed to correct for this bias 4, 9 . However, every large data set thus far 1, 10 has involved ascertainment that has been too complex to model fully 8 , including SNPs discovered in different ways in samples from multiple populations. The only clean data sets for analysis of evolutionary history have been small [5] [6] [7] 11, 12 . A second bias is experimental: alleles that occur in only a few copies of the ascertainment sample are more likely to be missed; thus, there is a bias against discovering SNPs of low allele frequency 13 . This problem may have an effect even on very carefully collected data, and is of particular concern as it is impossible to estimate the magnitude of the bias.
To address these sources of bias fully, we identified SNPs by comparing two chromosomes within an individual of known ancestry (Fig. 1) . As every SNP that is polymorphic between an individual's two chromosomes has an equal likelihood of discovery, regardless of true allele frequency in the population, this eliminates experimental bias toward discovering alleles with higher population frequencies. We used the fact that HapMap Phase 2 attempted to genotype every SNP in public databases at the time of marker selection 2 . By focusing on subsets of SNPs discovered in specific individuals of West African, East Asian or northern European ancestry that were used in HapMap SNP discovery (Table 1) , we obtained tens of thousands of SNPs that could be used to estimate the allele frequency spectrum in each population after computationally correcting for discovery in two chromosomes (see Methods).
Reference sequence -Ascertained -Not ascertained Traces Figure 1 Discovery of SNPs by comparing two sequencing reads from an individual of known ancestry. SNPs useable for analysis are identified as sites where one read matches the reference sequence and the other does not (an arrowhead of either type indicates a mismatch compared with the reference sequence; see Methods). The leftmost SNP is not ascertained because there is only one read, and the rightmost SNP is not ascertained because both reads share the same allele.
In practice, we had to deal with some complications. First, HapMap Phase 2 did not design genotyping assays for SNPs attempted in Phase 1 (ref. 1). As genotyping in the two phases had different success rates and characteristically different allele frequencies 1,2 , we randomly dropped SNPs from Phase 1 and Phase 2 to balance the success rate, repeating this procedure chromosome by chromosome (Supplementary Methods online). The second complication was that the choice of SNPs for Phase 2 HapMap was influenced by a published data set of B1.6 million SNPs in European Americans, African Americans and Chinese individuals 10 . SNPs that were observed to have o5% minor allele frequency in all three populations in that study-or that were in complete linkage disequilibrium (LD) with another SNP targeted for genotyping in HapMap-were not attempted in HapMap Phase 2. For these SNPs, we substituted the allele frequencies from ref. 10 (1.5% of SNPs) or from HapMap SNPs in complete LD (5% of SNPs) (see Methods). To test the validity of these corrections, we used the fact that genotyping of all SNPs on the p arm of chromosome 2 had been attempted in Phase 2 of HapMap, irrespective of previous genotyping 1 . The chromosome 2p data ( Table 1 ) are an excellent match to the whole-genome data (Supplementary Note online).
We obtained allele frequency spectra by identifying SNPs within an individual of known ancestry and studying their allele frequencies in many samples of the same ancestry (Fig. 2) . We focused on derived alleles (the new mutations that have arisen in the population), which we identified by comparing to both chimpanzee and orangutan (see Methods). Two qualitative patterns were evident. First, there was a deficiency of rare alleles in Europeans (CEU) and East Asians (CHB+JPT) compared with expectation for a constant-sized population (Fig. 2) . This is consistent with a contraction in non-African history (P { 10 -12 ; Supplementary Table 1 and Supplementary Note online) and has been attributed to an out-of-Africa bottleneck 3, 4, 7 . By contrast, West Africans (YRI) had more rare derived alleles than expected (Fig. 2) , consistent with an expansion (P { 10 -12 ; Supplementary Table 1 and Supplementary Note). An African expansion has been indicated by previous genetic data, although there has been a controversy about whether data have supported it conclusively 3, 4, 7 .
The second qualitative pattern was that East Asians had fewer rare derived alleles than Europeans (Fig. 2) . This difference was subtle compared to the difference between Africans and non-Africans, but was highly significant (P { 10 -12 ) and suggests increased genetic drift in East Asian history. Previous analyses have offered hints of greater East Asian genetic drift compared with European genetic drift-a pattern that has been supported by lower diversity in microsatellite data 14, 15 , fewer distinct haplotypes in SNP data 16 and multiple aspects of genetic variation 7 -but these analyses have not been fully corrected for ascertainment biases, and there has been no proof that the signal is significant. In addition, previous studies have not ruled out the alternative explanation of continued migration between Europeans and Africans since the Asian-European split 17 .
We also generated a complementary data set that supports greater East Asian genetic drift. We aligned hundreds of millions of base pairs from DNA from individuals of known ancestry for whom shotgun genome sequence was available, and we counted the differences per base pair between chromosomes (Supplementary Methods and Supplementary Table 2 online). Because differences accumulate in a clocklike manner, they provide an estimate of the average time since genetic divergence. Excluding hypermutable CpG dinucleotides, West African diversity was 0.8359 ± 0.0048 differences per kilobase, European 0.6044 ± 0.0038 and East Asian 0.5741 ± 0.0051. The most recent common genetic ancestor was more recent in East Asians than Europeans (P { 10 -6 ), as expected for a population with greater genetic drift.
An East Asian population that has undergone greater genetic drift is expected to have allele frequencies with greater divergence (on average) from Africans. To test this, we examined F ST 18 between each of the non-African populations and the African population, using SNPs ascertained in African Americans ( Table 1) . As African Americans have some European ancestry, we also repeated the analysis The table lists the seven ascertainment libraries for which sequence traces were available. The columns specify each individual's ancestry, the number of ascertained SNPs, the number of SNPs remaining after all corrections were applied and the number of SNPs genotyped in the chromosome 2p data set. Chromosome 2p data are available only for libraries subjected to whole-genome shotgun sequencing (it is not available for the flow-sorted chromosome libraries).
a The ancestry of HuAA and HuFF was determined by using ancestry informative markers (Supplementary Methods). Fig. 1 online) , as are allele frequency data from the two East Asian populations, CHB and JPT ( Supplementary Fig. 2 online). Also shown is the expected derived allele frequency spectrum for a population of constant size throughout history and the same ascertainment scheme. Although all spectra are biased by discovery in two chromosomes, they are comparable because the bias is identical for all spectra (we account for this bias in our analyses; see Methods). We note that the lower F ST between Europeans and Africans could be due to more migration between these populations since EuropeanAsian divergence rather than to greater East Asian drift 17 
Thus far, our analyses were model free. We next searched for models of history that could approximate important features in the data. We began with a model of a single bottleneck, searching independently in Europeans and East Asians by varying the time of occurrence and bottleneck intensity, defined as F ¼ T / 2N (the number of generations it lasted divided by twice the effective population size 6 ). A bottleneck fit the data better than a model of a constant population size (P { 10 -12 ; Supplementary Note and Fig. 3) . We estimated F ¼ 0.151 ± 0.009 for the Europeans and F ¼ 0.201 ± 0.009 for the East Asians (P o 10 -4 for the difference; Supplementary Note), supporting greater East Asian genetic drift. However, the 80-to 40-kya date usually ascribed to the out-of-Africa expansion based on the archaeological record 20 is older than the estimated bottleneck dates: 23 ± 2 kya for East Asians and 32 ± 3 kya for Europeans. Thus, this model does not provide inferences about human history that are plausible in the context of the archaeological record.
To identify a model that provides a better fit to both the data and the archaeological record, we explored a model with two bottlenecks and found that it fit both the European and East Asian data sets significantly better (P o 10 -6 ; Fig. 3 and Supplementary Note). We estimated that the ancient bottleneck did not have any significant difference in time or intensity between the two populations (P ¼ 0.71; Supplementary Note). We estimated that the recent bottleneck took place 18 ± 3 kya in Europeans and 16 ± 2 kya in East Asians, with estimated intensities of F ¼ 0.091 ± 0.016 and F ¼ 0.123 ± 0.015 (Supplementary Note). Jointly modeling the allele frequencies in Europeans and East Asians (Supplementary Methods), we estimated that the populations diverged 17 ± 3 kya, suggesting that the divergence and bottlenecks may have been associated with the same demographic upheavals, perhaps the last glacial maximum 21 (Supplementary Note).
We caution that the two-bottleneck hypothesis is an idealization of a family of models with features that could fit the data. For example, geographic dispersion models 14, 15 suggest that instead of sudden bottleneck, non-African populations might have experienced a long, drawn-out period of genetic drift, comprised of many mild bottlenecks (the bottleneck intensity measure we use in our modeling provides a reasonable approximation to either a sudden or extended period of genetic drift; Supplementary Note), and further analyses will be necessary to distinguish among these hypotheses. We also did not explore the possibility of gene flow between East Asian and North European ancestors after their initial population separation, which might result in an underestimation of the population divergence time. However, our modeling places an important constraint on the ordering of demographic events. If Europeans and East Asians diverged after the ancient bottleneck, we would expect F ST 4 0.21, and if after the recent bottleneck, F ST o 0.04. The observed value was intermediate (0.10-0.11; P { 10 -12 ; Supplementary Table 4 online), indicating that divergence occurred around the time or shortly before the more recent bottleneck.
The main contributions of this work are the generation of large data sets of simply identified SNPs from HapMap that are useful for population genetic studies, and the use of these data to obtain new insights about human history. Our historical results demand further exploration; in particular, our two-bottleneck model implies a time of B140-80 kya for the first bottleneck (Supplementary Note), older than the conventionally estimated dates of the out-of-Africa expansion. Possible explanations are that our time estimates may reflect an averaging of an out-of-Africa bottleneck with earlier events 11, 22 or that the 'out-of-Africa' bottleneck may have coincided with the migrations of anatomically modern humans to the Middle East 135-90 kya 20, [23] [24] [25] rather than with the subsequent European and Asian dispersal. We emphasize that there are also other demographic events in human history that our models are not capturing: for example, the explosive population expansion that occurred in the last ten thousand years (Supplementary Note). The data sets we have generated are publicly available, and further study should elucidate the background pattern of human variation and assist in screens for disease genes and regions affected by natural selection.
METHODS
SNP ascertainment. For Phase 2 of the International Haplotype Map project, SNPs were chosen from the list of all available in dbSNP build 121. We focused on the subset that had been discovered by comparing genomic DNA sequencing reads from an individual of known ancestry 1,2 . These were obtained by wholegenome shotgun approaches or, for some individuals, targeted studies of specific chromosomes. The sequences in the trace archive have ancillary information that indicates which sequences came from a specific library. The SNP discovery tool ssahaSNP 26 was used to identify variant alleles relative to the public reference sequence (NCBI build 34). Using two or more overlapping sequencing reads from an individual, we called a SNP as heterozygous in a given individual if the sequencing reads met the neighborhood quality standard threshold and if the reads showed both alleles at the SNP position ( Fig. 1 and Table 1 ). The key strategy for obtaining an unbiased data set in this study is based on the observation that with some exceptions, genotyping of all SNPs in dbSNPincluding all those identified by comparing an individual's two chromosomes-was attempted in the HapMap 1,2 . Genotyping of every SNP was attempted in HapMap Phase 2 genotyping with four categories of exceptions that we dealt with as follows. (ii) A SNP design or genotyping failed for Phase 2. We ignored these SNPs in our analysis, which is appropriate because this class of SNPs is not expected to be frequency biased. (iii) A SNP was present in the study of B1.6 million SNPs 10 and showed complete LD (r 2 ¼ 1) with another SNP that was attempted in either Phase 1 or Phase 2. For such SNPs, we substituted the allele frequency of a SNP in complete LD, if one existed in HapMap (5% of SNPs in our final data; Supplementary Note); otherwise, we substituted the allele frequency information from the ref. 10 data set (1.1% of SNPs; see below). (iv) A SNP was of minor allele frequency o5% in all three samples of the ref. 10 data set. For these SNPs, we used the available allele frequency information from the ref. 10 data set (0.4% of SNPs). All of these corrections are important, as SNPs of type (i) are subject to the complex ascertainment of the first phase of HapMap 1 , which is characteristically different from that of Phase 2; SNPs of type (iii) tend to have higher minor allele frequencies than average; and SNPs of type (iv) have lower minor allele frequencies.
Assigning an allele to be ancestral or derived. The power to study demographic history can be increased by examining the unfolded allele frequency spectrum (that is, by knowing which is the ancestral allele and which is the new mutation). We studied only SNPs for which we could determine this with high reliability. We removed all SNPs in hypermutable CpG dinucleotides from the analysis. In addition, we required that both the chimpanzee and orangutan allele agree in their determination of the derived allele state: We aligned sequence traces from the chimpanzee 27 and from the orangutan (see URLs section below; used with permission from Washington University Genome Sequencing Center) to the human reference sequence using ssahaSNP 26 . If both chimpanzee and orangutan sequence traces aligned across the base position of human SNPs, the nonhuman bases were recorded. If the chimpanzee and orangutan alleles further agreed and coincided with one of the two human alleles, then the ancestral allele was determined as the shared human-chimpanzee-orangutan allele; otherwise, we discarded the SNP from the data set.
Determination of SNP allele frequencies. We obtained the genotypes of 60 unrelated Yoruba individuals from Ibadan, Nigeria (YRI), 60 unrelated European American individuals from Utah, USA (CEU), 45 unrelated Han Chinese individuals from Beijing (CHB) and 45 unrelated Japanese individuals from Tokyo (JPT) from Phase 1 and Phase 2 of the International HapMap Project (HapMap public release #19) 1,2 . The YRI and CEU individuals are unrelated, as we considered only the parents from each of the 30 parentoffspring trios 1 . We substituted the allele frequencies of 1.5% of SNPs from the ref. 10 data set owing to ascertainment filters described above. For these SNPs, we mapped the allele frequencies of the European American sample to the CEU sample, of the African American sample to the YRI sample (ignoring one sample, as it is one of the ascertainment libraries we considered, Cor17109) and of the Han Chinese sample to the combined CHB+JPT sample, as validated in the Supplementary Note. Although substitution of alleles from the African Americans is, in principle, problematic because African Americans have some European ancestry, this does not have a substantial quantitative effect on our inferences. The correlation of the allele frequencies of the HapMap YRI and the ref. Allele frequency modeling and demographic inference. For each model of demographic history of a single population, we used a maximum likelihood formulation to capture the probability of the data under any possible demography and conditioned on ascertainment. The data analyzed consist of the exact derived and ancestral allele counts for each SNP. For each set of parameter values, we obtained the expected proportion of SNPs of any derived allele frequency by the multi-epoch model as described in ref. 4 . To correct for ascertainment in two chromosomes, we then multiplied by the probability 2f (1 -f) of an individual being heterozygous for a SNP of allele frequency f. We obtained maximum likelihood estimates by evaluating the likelihood based on these corrected expected frequency spectra over a grid of each model's parameters, further refining the grid around the maximal values, using a few hundred values for each parameter. To verify that this obtains the maximum likelihood, we also maximized the likelihood numerically using the NedlerMead simplex method 28 . Standard errors of the maximum likelihood estimates and statistical tests are based on bootstrapping 1,000 random data sets using the moving block bootstrap (MBB) 29 , randomly resampling contiguous runs of SNPs from the data to take into account the effect of correlation between SNPs in the analysis (Supplementary Table 5 online).
We normalized the maximum likelihood estimates to fit the observed sequence heterozygosity in each population analyzed (Supplementary Methods). We estimated the autosomal mutation rate after removing CpG dinucleotides as 7.94 Â 10 -10 per year (1.99 Â 10 -8 per generation for 25 years per generation), assuming 7 million years for human-chimpanzee genetic divergence. We note that errors in this estimate of human-chimpanzee divergence will result in proportionate errors in all date estimates. However, we emphasize that the inferences about population expansion and contraction are independent of this normalization (Supplementary Note).
By using the counts of ancestral and derived alleles at each SNP in our analysis (instead of using allele frequency estimates), we aimed to avoid bias in our likelihood-based estimates of demographic parameters. To verify this property, we randomly chose 60 individuals out of the sample of 90 CHB+JPT individuals, to match the CEU and YRI sample size. Results were similar to what we obtained with the full set of data (data not shown). 
